Serotonin is reported to be present in early embryos of many species and plays an important role in early patterning. Since it is a fluorophore, it can be directly visualized using 25 fluorescence microscopy. Here we use three-photon microscopy to image serotonin in live preimplantation mouse embryos. We find that it is present as puncta averaging 1.3 square microns and in concentrations as high as 442 mM. The observed serotonin puncta were found to colocalize with mitochondria. Live embryos pre-incubated with serotonin showed a higher mitochondrial potential indicating that it can modulate mitochondrial potential. 30
Introduction 40
Serotonin has a well-established and extensively studied role as a neurotransmitter and vasoconstrictor in the adult animal. However, it has also been detected in very early embryos of sea-urchins, molluscs, starfish, frog and chicken where it is suggested to have a "pre-nervous" developmental role (Burden & Lawrence, 1973 , Buznikov et al., 1964 , Buznikov et al., 1993 , 45 Buznikov et al., 2003 , Emanuelsson et al., 1988 . Consistent with this, many organisms have also been known to express serotonin receptors at very early stages in development (Krantic et al., 1993a , Krantic et al., 1993b , Shilling et al., 1990 , Vesela et al., 2003 . In starfish and amphibians, serotonin has been implicated in oocyte maturation (Buznikov et al., 1993 , Sheng et al., 2005 , Stricker & Smythe, 2001 ). More recently, in chicken and Xenopus embryos, serotonin 50 has been shown to be asymmetrically distributed and has been implicated to be one of the earliest molecules involved in left-right axis patterning (Fukumoto et al., 2005 , Levin et al., 2006 . In mammals such studies have been lacking, though in mice, drastic effects are observed in the early embryo upon blocking tryptophan hydroxylase, the rate-limiting enzyme in serotonin synthesis. Serotonin is present in the tubal fluid of the oviduct, cervix and uterus (Amenta et al., 55 1992 , Juorio et al., 1989 , Yavarone et al., 1993 . On administering para-chlorophenylalanine, a tryptophan hydroxylase inhibitor, to pregnant mice, it was observed that the cleavage divisions of the zygote were arrested and in cases where the embryo proceeded to the blastocyst stage, it was defective and failed to implant (Khozhai et al., 1995) . Maternal serotonin has also been reported to be essential for proper development of the embryo (Cote et al., 2007) . These results 60 suggest that serotonin plays an important role in early mouse embryogenesis.
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Since serotonin affects various early developmental processes, the ability to image it in live embryos could further our understanding of its role in early development. Two recent papers have also reported the presence of serotonin in the early mouse embryo using antiserotonin antibodies (Amireault & Dube, 2005 , Il'kova et al., 2004 . These studies reported the 65 distribution of serotonin within fixed embryos. Since serotonin is a small molecule adding a tag such as an antibody or another fluorescent molecule could alter its properties and affect studies in living tissue, therefore it would be advantageous to be able to observe serotonin directly in living embryos. To establish the feasibility of imaging serotonin directly in live embryos, we used multi-photon microscopy to image serotonin in mouse embryos of various stages. 70
Serotonin is a fluorophore that can be excited using ultraviolet (UV) wavelengths. Since, UV light could damage cells (Maiti et al., 1997) , we used multi-photon excitation (740 nm excitation) to visualize serotonin in live cells (Balaji et al., 2004 , Maiti et al., 1997 , Williams et al., 1999 . This method provides three advantages. First, it prevents UV-induced cellular damage. Secondly, multi-photon imaging possesses a depth of optical penetration that UV 75 radiation cannot provide. Thirdly, it allows a quantitative measurement of serotonin levels with at high spatial resolution. Embryos have been previously imaged with multi-photon microscopy to study the distribution of mitochondria stained with fluorescent Mitotracker (Squirrell et al., 1999) . However, this technique has not been used in unstained embryos for the selective and specific detection of serotonin. Multi-photon microscopy has been used to image serotonin 80 successfully in basophilic leukemia cells (Maiti et al., 1997) , mucosal mast cell secretion (Williams et al., 1999) and more recently in looking at the dynamics of serotonin sequestration and release in a serotonergic neuronal cell line RN46A (Balaji et al., 2004 , Balaji et al., 2005 .
This imaging technique is specific, quantitative and can detect serotonin if it is present at
Page 4 of 50 5 concentrations of 200 µM and above. We reasoned that while overall amounts of serotonin in 85 the embryo may not be very high, it may be concentrated in some regions and hence amenable to quantification. If so, this technique should permit the imaging of living embryos and allow one to follow and estimate serotonin levels through various developmental stages.
The embryo may obtain serotonin either by synthesis and/or by uptake from its surrounding milieu (Yavarone et al., 1993) . The contribution of these two processes may also 90 vary through early development. Synthesis of serotonin which arises from tryptophan requires two enzymes which act sequentially, the rate-limiting enzyme tryptophan hydroxylase followed by aromatic amino acid decarboxylase. Mice and humans express two isoforms of tryptophan hydroxylase, TPH1 and TPH2 (Walther & Bader, 1999 , 2003 , Walther et al., 2003a . While Tph1, is expressed in non-neuronal peripheral tissues e.g. gut, pineal gland, spleen and thymus, 95
Tph2 is expressed predominantly in the brain, notably in serotonergic neurons in the raphe (Patel et al., 2004 , Walther et al., 2003a , Zhang et al., 2004 ). An earlier immunohistochemical study detected tryptophan hydroxylase in the mouse embryos following fertilization but found it to be absent in the unfertilized oocyte (Walther & Bader, 1999) . The antibody used in this particular study did not distinguish between TPH1 and TPH2 proteins. Another study failed to detect Tph1 100 transcripts in embryos and oocytes (Amireault & Dube, 2005) . This study did not however examine for Tph2 transcripts. There are also few reports which have employed arrays to study expression at different pre-implantation stages of the mouse embryo (Hamatani et al., 2004 , Sharov et al., 2003 , Wang Q. T. et al., 2004 , Zeng et al., 2004 , some of which also report the presence of Tph transcripts. Since there are discrepancies among these reports and the sensitivity 105 of arrays can be variable, we examined for the presence of Tph1 or Tph2 transcripts in various Page 5 of 50 6 stages of mouse embryo development to determine their respective contributions towards the synthesis of serotonin.
Cellular uptake of serotonin is predominantly carried out by the serotonin transporter (SLC6A4). This molecule is the target for a variety of clinically used anti-depressants such as 110 fluoxetine and stimulant drugs/drugs of abuse such as amphetamines (Hilber et al., 2005 , Scholze et al., 2000 , Vaswani et al., 2003 . The presence of SLC6A4 has also been reported in early embryos suggesting embryos may take up serotonin from the surrounding fluid (Amireault & Dube, 2005) . We therefore, also examined for the presence of Slc6a4 transcripts in the various pre-implantation stages of mouse embryos. 115
Here we demonstrate that serotonin can be detected in live mouse pre-implantation embryos, from the oocyte to the blastocyst stage using multi-photon microscopy. To corroborate the presence of serotonin using this technique we have also used mass spectrometry and antibody staining using a commercially available and extensively used anti-serotonin antibody whose specificity is well established (Levin, 2004) . Since the punctate distribution of serotonin was 120 reminiscent of mitochondrial distribution and one of the roles attributed to serotonin is that of an anti-oxidant, we looked for its association with mitochondria (Bergel, 1981 , Bernheim et al., 1957 . We have determined that serotonin is present in fairly high concentrations in mitochondria and addition of extracellular serotonin results in higher mitochondrial potential.
Further, we find that the neuronal isoform of tryptophan hydroxylase (Tph2) and the serotonin-125 specific transporter (Slc6a4) are possible sources of the high serotonin levels present in preimplantation mouse embryos.
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Materials and Methods 130
Adult male and female mice of CF-1 and Swiss strains were obtained from the NCBS animal facility. All animal experiments were conducted in accordance with the Government of India guidelines and approved by the institutional animal ethics committee Serotonin-HCl, tRNA, BSA, glucose, HEPES, mineral oil, primers and tetramethylrhodamine 135 methyl ester (TMRM) were from Sigma-Aldrich, USA. Dynabeads mRNA direct kits (DynaI) for RNA extraction from embryos, MuMLV reverse transcriptase, random hexamers, dNTPs, TOPO-TA-PCR cloning kit, sodium pyruvate and Penicillin-Streptomycin solution were from Invitrogen, USA. DNase I was from Promega. Taq Polymerase was obtained from Bangalore Genei, India. FITC conjugated anti-rabbit and anti-rat antibody and TRITC conjugated anti-140 mouse antibody were obtained from DAKO. Anti-serotonin antibody was from Chemicon, USA (MAB352). Anti-cytochrome C antibody was obtained from BD Biosciences. Mitotracker deepred was obtained from Molecular Probes, USA. Acid Tyrode's solution was made from its constituents of which NaCl, KCl and glucose were from Qualigens, India and CaCl 2 .2H 2 O, MgCl 2 .6H 2 0 and polyvinylpyrrolidone were from Sigma-Aldrich, USA. Tissue culture 145 plasticware was from NUNC and glass coverslips were from Thomas Scientific. Zip-tips were from Millipore. Geloader tips were purchased from Eppendorf, Germany.
Oocyte and Embryo extraction and culture: Uteri were dissected from pregnant mice 0.5, 1.5, 2.5 and 3.5 days post coitium and flushed with pre-warmed M2 medium to obtain 1-cell, 2-cell, 150 8-cell and blastocyst-stage embryos respectively. For obtaining unfertilized oocytes, female mice were mated with vasectomised males and the oviducts were flushed at 0.5 d.p.c.
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Three-photon imaging of serotonin: Freshly isolated embryos were imaged in M2 medium overlaid with mineral oil equilibrated at 37 0 C, 5%CO 2 . The microscope setup is as described 155 previously (Balaji et al., 2004) . Briefly, a titanium-sapphire laser (MIRA, Coherent Inc.) is used to generate femtosecond pulses which are sent to a confocal scanner (Bio-Rad, MRC 600). The excitation beam is allowed to focus onto the sample through a water-immersion objective lens (1.2 NA, Nikon). The fluorescence signal is separated from the back-scatter by a custom-made filter (Chroma) followed by a filter made of saturated copper sulphate for three photon 160 excitation. The dichroic permits detection of wavelengths ranging from ~320-420 nm minimizing contribution from other molecules e.g. NADH. For the quantification of serotonin in the embryos, a 9.4 mM solution of serotonin-HCl was used as the standard. Analysis of the images was done using ImageJ software (NIH, USA). For quantification, puncta were marked out as regions of interest and the intensity was measured. 165
Mass spectrometry: The mouse embryos of various stages were lysed in milli Q water, acidified with 0.1% formic acid and centrifuged at 10000 x g for 15 minutes. The supernatant (10ml) was desalted using a zip-tip and eluted with 30% acetonitrile 0.1% formic acid. The serotonin present in the eluate was detected and quantitated using a Micromass Q-ToF Ultima API mass 170 spectrometer (Micromass, UK). The sample was directly infused using an electrospray device at 2µl per minute. The spray voltage was set to 3.5 kV with the source temperature at 100°C.
Argon gas was used as the collision gas at 10 eV collision energy and 30 eV energy used in MS/MS mode. The sample was analyzed in positive ion mode.
175
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Antibody staining: Embryos were fixed in 4% paraformaldehyde (PFA) and blocked with 5% horse serum, 0.3% Triton-X-100 in PBS for 30 minutes each. The fixed embryos were incubated in a 1:500 dilution of anti-serotonin antibody in PBS at 4 0 C overnight to allow penetration.
Control embryos were processed without the primary antibody or with primary antibody preincubated with serotonin and BSA. Unbound primary antibody was removed by washing with 180 PBS and the embryos were incubated with 1:50 dilution of FITC conjugated secondary antibody in PBS for 1 hour. The embryos were washed thrice with PBS and then imaged using a Zeiss LSM 510 META confocal microscope. For double staining with anti-cytochrome C antibody, the anti-serotonin staining was followed by blocking. The blocking medium used was 5% horse serum in PBS for 30 minutes. The embryos were then incubated overnight in a 1:500 dilution of 185
anti-cytochrome C antibody in PBS. Unbound primary antibody was removed by washing thrice with PBS. The embryos were incubated with 1:50 dilution of TRITC conjugated secondary antibody in PBS for 1 hour. The embryos were subsequently washed and imaged.
Effect of serotonin on mitochondrial potential: 190
The effects of serotonin on mitochondrial potential were determined by two different experiments. In the first experiment, the embryos were split into two groups and one group was incubated in 10µM serotonin in M2 for 2 hours at 37°C. Both groups (treated and untreated) were then incubated in 10-100nM TMRM, a mitochondrial potential-sensitive dye, for 20 minutes. These concentrations were used because they were found to be in the linear range using 195 a TMRM concentration curve which showed saturation only at 200nM (data not shown). The experiment was done both in the absence/presence of 137mM KCl which depolarizes the plasma membrane to ensure that the plasma membrane potential was not a contributing factor in TMRM Page 9 of 50 loading. To assess total TMRM staining in the treated/ untreated embryo, conventional fluorescence microscopy was carried out using Nikon TE 2000E with a Cascade 512-II camera 200 controlled by Image Pro Plus 6.0. Image analysis was done using Image J.
In the second experiment, the embryos were first loaded with TMRM and individual embryos were imaged. These were then divided into two groups and embryos in one of the groups were incubated individually in serotonin-containing buffer for 30 minutes. Following treatment, each embryo was imaged once again and the ratio of the intensity of 40 randomly 205 picked mitochondria from each embryo after and before treatment was compared for treated and control embryos. Individual puncta in both sets were randomly marked by a co-worker, unaware of the treatment and analyzed for increase in fluorescence. The average increase in fluorescence per unit area of the mitochondria was determined and plotted for both conditions. Thirdly, embryos were isolated and treated with Tyrode's acid solution to remove the 210 zona pellucida (Dumollard et al., 2004) and then loaded with TMRM. Individual embryos were then allowed to attach in an 8-well chamber dish by plating them in minimal amount of M2 medium lacking BSA. Once attached, M2 medium was added to a final volume of 400µl and the embryos were imaged. Using a fine gel loader tip, 1 µl of 4mM serotonin was added to the corner of the well furthest from the embryo taking care to ensure there was no visible movement 215 of the dish or the embryo. The final concentration of serotonin was 10µ . Following a 20 minute incubation in serotonin, the same plane was imaged again. The fluorescence within the puncta was measured before and after incubation to quantify the increase. Control embryos were imaged similarly but without adding serotonin. GCCAAAAGGGTCATCATCTC 3', reverse 5' GGCCATCCACAGTCTTCTG 3', amplicon 245 size -226 bp. The constitutively expressed Gapdh gene was used as a positive control. Primers designed for all three genes Tph1, Tph2 and Slc6a4 spanned introns so as to give rise to additional larger products if contaminating genomic DNA was present. Total RNA alone was also used as control in PCR reactions to determine the absence of any contaminating genomic DNA. The positive PCR products excluding the control were gel extracted, cloned into a TOPO-250 TA vector and sequenced. The PCRs for Tph1 and Tph2 were analyzed for sensitivity. The RT-PCR product was quantified and then serially diluted and PCRs were set up with each of these dilutions to estimate the minimum amount of the template detectable under our PCR conditions.
Statistical analysis:
All measurements of puncta size were compared using the one way 255 ANOVA and the Fisher's LSD test. P < 0.05 was considered significant. Co-localization was quantified using the Pearson's coefficient. For the comparisons of the mitochondrial potential, which was normalized with respect to the control samples, we used the Mann-Whitney test. P< 0.05 was considered significant. All error measurements represent the standard error of mean (S.E.M.) unless stated otherwise. 260
Results
Serotonin can be imaged and quantified in embryos using multi-photon microscopy
Multi-photon microscopy, which has been previously employed successfully to image serotonin in live cells, was used to image live pre-implantation mouse embryos of various stages 265 (Fig. 1) . The embryos were isolated and imaged in a medium which did not contain serotonin.
A total of 114 embryos from either CF-1 or Swiss strain of mice were imaged comprising 20 oocytes, 21 zygotes, 23 two-cell embryos, 11 four-cell embryos, 14 eight-cell embryos and 25 blastocysts. Multi-photon excitation and emission by serotonin was detected as punctate structures in all embryonic pre-implantation stages from oocytes, zygotes, two-cell, four-cell and 270 eight-cell embryos to blastocysts, in both strains of mice (Fig. 1) . Fluorescence was not observed within the nuclei of embryos. The puncta were not spherical or clearly vesicular in nature but appeared to be irregular structures. The average size of these structures in embryos of all stages was around 1.3 square microns in area (standard deviation ±1.03). The largest and smallest puncta among the 2168 puncta analyzed were 4.93 square microns and 0.43 square 275 microns respectively. There were very few puncta that were larger than 5 square microns and these were ignored in our calculations as they seemed to be aggregates of individual puncta. In some cases particles as large as 20 square microns in area were observed which were clearly visible as aggregates. The average puncta size showed no significant change over different embryonic stages when analyzed using one plane each from 3 randomly chosen embryos per 280 stage except for the 4-cell stage which showed an average puncta size of 1.5 square microns and was significantly different from all other stages. The serotonin puncta did not show localization to any particular blastomere in late pre-implantation embryos and seemed randomly distributed Page 13 of 50 within the blastomeres although a few bright puncta formed a perinuclear ring in some cases.
These structures also seemed to be fairly stable and non-motile. A single plane imaged 10 times 285 at intervals of approximately two minutes, did not indicate any movement of the puncta.
Oocytes, being arrested in Meiosis II metaphase did not have a nucleus and had fluorescent puncta throughout the cell. The average size of a puncta was around 1.2 square microns (standard deviation ±0.94) in these oocytes. Occasionally in some sections, the distribution seemed non-random and enriched towards one side of the oocyte though overall the 290 puncta seemed randomly distributed.
In the early zygote, it was observed that the male and female pronuclei did not contain any fluorescent structures. The budding polar bodies were visible and they contained fluorescent puncta. Though in most fertilized 1-cell embryos the puncta seemed randomly distributed they were distinctly localized around the fusing nuclei in a few embryos (Fig. 2) . Four of the 21 295 fertilized 1-cell embryos imaged showed this pattern distinctly. This pattern may reflect a substage following fertilization, where these puncta may be transiently located around fusing pronuclei. Mitochondria have been reported to localize around fusing pronuclei (Acton et al., 2004 , Barnett & Bavister, 1996 , Liu et al., 2000 , Squirrell et al., 2003 , Van Blerkom et al., 2002 similar to what we observed (Fig. 2) . In zygotes the average size of the puncta was 1.25 square 300 microns (standard deviation ±1.01).
Two-cell, four-cell and eight-cell stage embryos also showed the presence of fluorescent puncta within individual cells. Again, the nucleus did not exhibit the presence of any serotonin in any of these stages. In all these stages, serotonin did not seem to be significantly enriched in any particular blastomere but was distributed randomly throughout the embryo. No specific 305 intracellular localization was evident within individual cells. The average puncta size in the 4-Page 14 of 50 cell stage was marginally but significantly larger with an average size of 1.51 (standard deviation ± 1.16). The other stages did not show a significant difference in the size of the puncta.
In the blastocyst stage, it was possible to see a similar punctate distribution in the innercell mass as well as the trophoblast with an average size of 1.12 square microns (standard 310 deviation ± 0.92). There was no detectable serotonin fluorescence in the blastocoel.
Three-photon excitation and imaging of serotonin exhibits a linear increase in fluorescence intensity with respect to concentration of serotonin (Balaji et al., 2004) . The linear dependence allowed us to calculate the concentration of serotonin in the punctate structures by comparing their fluorescence with serotonin solutions of known concentration. Our calculations 315 estimated the puncta to contain serotonin at concentrations ranging from a minimum of 89 mM to a maximum of 442 mM. However, it is important to note that this value comes with the caveat that serotonin could be interacting with other molecules in the milieu which may quench or enhance the serotonin fluorescence.
320
Confirmation that serotonin is present in embryos and has a punctate distribution
In order to independently confirm the presence and distribution of serotonin in preimplantation embryos, three methods were used -(i) analysis of the characteristics of the multiphoton-induced fluorescence, (ii) immunocytochemistry with anti-serotonin antibody and (iii) mass spectrometry of embryo extracts. 325
In any multi-photon process where n-photon excitation is being used, the fluorescence intensity should vary as the n th power of the laser power used. This control has been previously established for multi-photon detection of serotonin in other cell types (Balaji et al., 2005) . We observed the same for pre-implantation embryos using a log-log plot of laser power versus Page 15 of 50 fluorescence intensity, consistent with the fluorescence signal being from serotonin. Since the 330 embryos were excited using 740 nm pulses, we expected the fluorescence from the serotonin to exhibit a cubic dependence of the fluorescence intensity to the laser power used for excitation.
We measured and plotted the fluorescence intensity of three puncta (Fig. 3) separately at 11 different laser powers. We expected that the slopes of these plots to be equal to 3 if the signal arose from a three-photon excitation process. We found the slopes to be 3.08, 2.97 and 2.98. 335
We, therefore conclude that the fluorescence intensities from the puncta have a third order dependence on the incident intensity at 740 nm. Though we cannot completely rule out contribution to the three-photon signal from related molecules exhibiting three-photon excitation, other fluorescent molecules present in the cell such as riboflavin, NADH, folic acid, pyridoxine and retinol would not contribute, as they would exhibit two-photon excitation at 740nm (Zipfel 340 et al., 2003) . The fluorescence of these molecules would increase as a square of the laser power and would result in the slope being equal to 2 (Zipfel et al., 2003) . The filters in the excitation and emission paths ensure that we are measuring emission from three photon excitation of serotonin and our plots indicate a strong cubic relation of the emission with laser power. This therefore rules out any substantial contribution from the above mentioned molecules to the 345 fluorescence from the puncta.
We also confirmed the presence and intracellular distribution of serotonin within punctate structures by immunofluorescence (Fig. 4) . We analyzed pre-implantation embryos with an anti-serotonin antibody used previously to determine serotonin distribution in tissues and cells (Fukumoto et al., 2005) . We found that the embryos at all stages stained positive for 350 serotonin in punctate structures and pre-incubating the primary antibody with a mixture of serotonin and BSA resulted in the loss of staining. All embryonic stages analyzed showed the Page 16 of 50 presence of serotonin-positive punctate structures similar those observed in multi-photon microscopy. A ring-like staining was observed around the nucleus in some embryos.
We also confirmed the presence of serotonin in the embryos by mass spectrometry. Cell 355 extracts from two embryonic stages, namely one cell and two-cell embryos were analyzed for the presence of serotonin. Serotonin is expected to contribute to a peak at mass 177.12 and this peak was clearly present in both samples analyzed (Fig. 5, note peaks marked 177.12 ). In the spectra for all molecules with a mass less than or equal to 200, this was also the major peak observed.
Since the whole oocyte sample was analyzed and the initial MS spectrum contained many 360 unidentified peaks, only the serotonin peak (177.12 Da) was chosen in TOF MS 2 mode and fragmented using higher collision energy (30 eV) to confirm the identity of peak corresponding 177.12. The peaks corresponding to 5HT-CO (149.04) and 5HT-NH2 (160.04) confirm the fragmentation pattern of serotonin expected and observed in both spectra.
365
Serotonin is localized to mitochondria in pre-implantation embryos
One of the roles attributed to serotonin is that of an anti-oxidant (Bergel, 1981 , Bernheim et al., 1957 . Furthermore, mitochondrial distribution in the early mouse/human embryo reminded us of the punctate serotonin pattern we observed. We therefore double-stained the embryos with mitotracker deepred-a mitochondrion-specific dye-and an anti-serotonin 370 antibody. Of the 16 embryos we stained almost all the puncta co-localized with mitochondria (Fig. 6) . Of the 584 puncta analyzed, 564 show co-localization of serotonin and mitotracker deepred. Of the remaining, 3 mitochondria (0.5%) did not show appreciable serotonin staining while 17 serotonin-rich puncta (2.9%) did not co-localize with mitotracker deepred. The
Pearson's coefficient of co-localization was 0.81±0.035. This indicated that the serotonin-richpuncta were mitochondria. This was then re-confirmed with an anti-cytochrome C antibody which labels mitochondria. Serotonin staining co-localized with cytochrome C staining (Fig.6 ).
Of the 544 puncta analyzed, 521 showed co-localization of serotonin with cytochrome C. There were 11 cytochrome C puncta (2%) that did not co-localize with serotonin and 12 serotonin puncta that did not show cytochrome C staining (2.2%). The Pearson's co-efficient of co-380 localization was 0.89±0.028.
Serotonin can modulate mitochondrial potential
Aberrant mitochondrial potential has been shown to be detrimental to embryo development in a number of studies (Acton et al., 2004 , Dumollard et al., 2007 , Tarin, 1996 , 385 Thouas et al., 2004 , Wilding et al., 2003 , Wilding et al., 2001 . We reasoned that being a charged molecule, large concentrations of serotonin within or associated with mitochondria might affect its potential. Since incubation with serotonin is known to increase serotoninspecific staining in mouse pre-implantation embryos as a result of uptake (Amireault & Dube, 2005), we used extracellular serotonin to change its intracellular concentrations and determine its 390 effect on mitochondrial potential.
We followed two experimental protocols. In the first set of experiments, we incubated early embryos in the absence or presence of 10µM serotonin for two hours and then determined the mitochondrial potential of these two sets by incubating them in identical concentrations of extracellular TMRM, a mitochondrial potential-sensitive dye. As the amount of the potential-395 sensitive dye sequestered by the mitochondria is indicative of the mitochondrial potential, the difference in fluorescence between serotonin-incubated and control embryos was used to detect changes in potential. Since the uptake of dye could be affected by the plasma membrane Page 18 of 50 potential, we also repeated these experiments in the presence and absence of 137mM KCl in the medium. The addition of 137mM KCl depolarizes the plasma membrane and therefore dye entry 400 in these cases should be primarily determined by mitochondrial potential. The total TMRM fluorescence of each embryo using wide field fluorescence was measured. The whole cell fluorescence of the treated embryos was normalized to the control embryos and the ratio of 1.40±0.092 was obtained which indicated an approximate 40% increase in mitochondrial fluorescence when incubated with serotonin. Similarly, measurements made on mitochondria 405 from single confocal planes and normalized to the control population showed a fluorescence value of 1.35±0.17.
In the second experiment, we looked for mitochondrial fluorescence changes in individual embryos before and after serotonin treatment and compared it to corresponding fluorescence changes in the same length of time, in embryos that had not been incubated in serotonin. . 410
Embryos were loaded with TMRM and pre-specified confocal planes of individual embryos were imaged to detect TMRM fluorescence. Half of the embryos were then incubated in serotonin while the other half served as controls. Following incubation, each embryo of the two sets was individually imaged again. A fixed number of mitochondria were chosen randomly from each image plane of individual embryos from the 'before' and 'after' images and the TMRM 415 fluorescence measured. The analysis showed a fluorescence ratio of 1.37±0.042 for serotonintreated versus control indicating a 37% increase in the TMRM fluorescence of mitochondria on serotonin incubation (Fig. 7) . Since the 'before' and 'after' images would be interrogating arbitrary planes within the embryos and these embryos would have undergone random rotational movement through the experimental process, we would obtain a "true" statistical representation 420 of the state of the mitochondrial population under these two conditions.
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In addition, we repeated the experiment with individual embryos where the embryos stained and allowed to attach to the base of individual wells of an 8-well chamber dish. Each embryo was imaged and then serotonin was added to the corner of each well while the dish remained on the microscope and allowed to incubate. Following incubation, the same plane was 425 imaged again. Control embryos were similarly imaged but without addition of serotonin. In this case the analysis showed a fluorescence ratio of 1.27±0.0004 for serotonin-treated versus control indicating a 27% increase in the TMRM fluorescence of mitochondria on incubation with serotonin. The slightly lower value obtained in this experiment could be due to the time taken for diffusion of the serotonin added and the shorter time of incubation (20 minutes) selected to 430 reduce the chance of movement of the embryo during imaging.
A total of 98 embryos were used for these experiments with 49 test and 49 control samples. We found that in all three cases the average TMRM fluorescence of the mitochondria showed a significant 27% to 40% increase in embryos incubated with serotonin (P < 0.05). Increase in mitochondrial fluorescence is representative of increase in mitochondrial potential (O'Reilly et 435 al., 2003) .
In an additional experiment, we examined the correlation between serotonin and mitochondrial potential using mitotracker deepred since it has recently been reported to be potential-sensitive (Wang C. et al., 2006) . We investigated to see if there was a correlation between the intensity of anti-serotonin antibody staining and mitotracker deepred fluorescence in 440 embryos. The objective of this was to determine if lower serotonin fluorescence in the mitochondria would correspond to lower mitochondrial potentials, as measured by mitotracker staining intensity. All the mitochondria in an embryo did not show the same intensity of serotonin staining, implying that different mitochondria may have different levels of serotonin.
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This also corroborated with our multi-photon images of serotonin. A total of 40 mitochondria 445 were randomly marked out from 3 different embryos. The mitotracker intensity was measured in these mitochondria and plotted against the serotonin intensity i.e. anti-serotonin antibody fluorescence intensity to see if there was any correlation (Fig. 7) . Interestingly, even though it is not known whether mitotracker deepred retains potential-dependent staining post-fixation, the two intensities showed strong positive correlation. The Pearson's coefficient of correlation was 450 calculated to be 0.89 which was found to be significant at P< 0.001.
Possible sources of serotonin in the embryo
Since none of the extracellular media we have used contains any serotonin, the source of serotonin in the embryos could be either maternal in origin or synthesized by the embryo from 455 tryptophan. To investigate endogenous as well as maternal sources of serotonin in embryos, we looked for the presence of RNA encoding neuronal and non-neuronal tryptophan hydroxylase, the enzymes essential for the synthesis of serotonin, as well as for the serotonin-specific transporter which could have taken up maternal serotonin. RNA was extracted from embryos at various developmental stages and assayed for the presence of transcripts encoding Tph1 and 460
Tph2, the two isoforms of tryptophan hydroxylase by RT-PCR. In addition, the presence of transcripts encoding Slc6a4, the serotonin-specific transporter (SERT), which could have allowed for the accumulation of serotonin from maternal sources was also checked (Fig. 8) . All four embryonic stages that were investigated -oocytes, 2-cell embryos, 8-cell embryos and blastocysts -showed the presence of Slc6a4, the serotonin-specific transporter mRNA. The PCR 465 product was sequenced to confirm the presence of Slc6a4 transcripts. Tph1, the isoform of tryptophan hydroxylase normally expressed in the peripheral tissues was not detectable in any of Page 21 of 50 22 the four stages. The sensitivity of the RT-PCR was checked by PCR using progressive dilutions of a known amount of PCR product and under our experimental protocols we could detect a minimum of 10 femtograms of template. Interestingly, transcripts encoding the neuronal isoform 470 of the enzyme, TPH2, were detected only in the oocyte and in the 2-cell embryo by RT-PCR.
The amplified products were cloned and sequenced to confirm the presence of Tph2 mRNA.
This PCR-based assay could also detect a minimum of 10 femtograms. These results indicate that serotonin present in embryos could arise either through synthesis by the neuronal isoform of tryptophan hydroxylase (TPH2) or by transport from extracellular sources for e.g. serotonin 475 present in the tubal fluid of the oviduct (Amenta et al., 1992 , Juorio et al., 1989 , Yavarone et al., 1993 . The multiplicity of the mechanisms for obtaining serotonin may indicate the importance of this molecule to the embryo.
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Discussion
480
Serotonin has been reported to be present in oocytes and embryos of a number of organisms using immunohistochemistry with anti-serotonin antibodies or by HPLC analysis of total cell extracts (Burden & Lawrence, 1973 , Buznikov, 1984 , Buznikov et al., 1964 , Buznikov et al., 1993 , Buznikov et al., 2005 , Buznikov et al., 2003 , Emanuelsson et al., 1988 . Since these methods used fixed tissue/cells or cellular extracts, the possibility to observe dynamic changes in 485 serotonin levels or distribution within cells through development is unavailable. Therefore, we imaged serotonin directly in live mouse embryos using multi-photon microscopy.
Using three-photon microscopy we have been able to image structures that contain serotonin within live mouse oocytes and embryos. Our results indicate that the levels of serotonin are high enough and concentrated enough within early embryos to be amenable to 490 multi-photon microscopy. This technique should therefore permit real-time visualization of the serotonin levels and its distribution within early embryos through early developmental stages.
The multi-photon imaging technique revealed distinct fluorescent puncta in all the embryonic stages we examined. This is similar to two previous reports where similar puncta were observed using anti-serotonin antibodies. However both studies showed puncta with 495 diffuse staining which could have been the result of fixation (Amireault & Dube, 2005 , Il'kova et al., 2004 . The fluorescent puncta we observed were not diffuse but also did not have a vesicular shape. These seemed unlikely to be single vesicles since their average size is about 10 times larger in the size than the usual size of large vesicles which are about 200-300 nm in diameter.
In all stages examined, the fluorescent puncta were distributed randomly within the cell and were 500 excluded from the nucleus except in some samples of one-cell embryos. In such cases, we Page 23 of 50 24 observed a ring of serotonin-rich puncta around the fusing pronuclei, which is likely to be a transient distribution of serotonin prior to the fusion of the pronuclei. Mitochondria have been reported to form a ring around fusing pronuclei (Acton et al., 2004 , Barnett et al., 1996 , Liu et al., 2000 , Van Blerkom et al., 2002 . Such prominent ring-like distributions were not observed 505 at any other embryonic stage. Indeed in all stages of the embryo, from the two-cell to the blastocyst, the distribution of serotonin-rich puncta seemed random within different blastomeres.
Interestingly, we also did not observe any increased localization of serotonin to specific blastomeres as has been observed in Xenopus embryos (Fukumoto et al., 2005) . This difference may not be very surprising, since experiments suggest that all blastomeres till the blastocyst 510 stage in mammalian development are totipotent (Tsunoda & Kato, 1998) . If a few blastomeres are enriched in serotonin it might also be expected that removal of a blastomere randomly could potentially give rise to developmental abnormalities at a higher frequency in mammals than reported.
By comparing fluorescence signals from known concentrations of serotonin solutions 515 with those from the punctate structures, we were able to estimate the approximate concentration of serotonin in these puncta. The concentration of serotonin ranged from ~100 mM to 400 mM.
We cannot rule out the possibility that some of the fluorescence is from derivatives of serotonin or serotonylated proteins, though modified serotonin or highly concentrated serotonin may not possess identical fluorescence emission characteristics. Nonetheless, by analyzing the 520 characteristics of the fluorescence and using appropriate filters to limit the emission to that from three-photon excitation, we have ruled out contribution from other cellular molecules like riboflavin, NADH, folic acid, pyridoxine and retinol (Zipfel et al., 2003) . Our mass spectrometry results also indicate the presence of free serotonin in these embryos.
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It is unlikely that an essential amino acid such as tryptophan would be used up in the 525 synthesis and sequestration of serotonin or a related molecule without a necessary role, especially during early development. Serotonin seems to function as a morphogen in embryos and affects left-right axis patterning in Xenopus and chicken (Fukumoto et al., 2005) . It has also been suggested that serotonin interacts both with extracellular and intracellular receptors (Cornea-Hebert et al., 2002 , Muneoka & Takigawa, 2003 . Serotonin can also be involved in a 530 recently described process called serotonylation, where serotonin modifies small GTPases by transamidation, rendering them constitutively active (Walther et al., 2003b) . In addition, serotonin can function as an antioxidant (Bergel, 1981) .
The punctate structures we observed were reminiscent of mitochondria both in size and distribution within the embryos, for instance, the ring of mitochondria that is observed around 535 fusing pronuclei (Acton et al., 2004 , Barnett et al., 1996 , Liu et al., 2000 , Van Blerkom et al., 2002 . This, in addition to the suggested role of serotonin as an anti-oxidant led us to examine if serotonin is localized to the mitochondria by immunocytochemistry and mitochondrial-specific dyes. Earlier studies had reported serotonin to be present in the mitochondria of the central visual cortex of dogs (Kerimova et al., 1982) . Serotonin was also reported to be associated with 540 mitochondria in the rat brain and lung (Das & Steinberg, 1985 , Walaszek & Abood, 1959 .
A potential problem could arise in evaluating the contribution from other fluorescent molecules such as NADH and FADH2 known to be present in mitochondria. If their contribution were significant, one should have simultaneously observed mitochondria in addition to serotonin vesicles in three photon imaging of serotonergic neurons or neuronal cell lines such 545 as RN46A (White et al., 1994) . In fact using the multi-photon system in the three-photon mode with the filters we have described one could only visualize the serotonin-containing vesicles, in Page 25 of 50 RN46A cells, which as expected, empty the serotonin on depolarization. In images of the same cells, mitochondria were not visualized using three-photon microscopy (Balaji et al., 2005) . If NADH and FADH2 had contributed to the three-photon derived signal, it should have resulted in 550 the simultaneous visualization of both mitochondria and serotonin-filled vesicles in the threephoton mode. In addition, this also indicates that in this serotonergic cell line, serotonin is not present in mitochondria, at least at levels that are visualized by three-photon imaging and that serotonin may not be present in the mitochondria of all serotonin-containing cells. Therefore the localization of serotonin to mitochondria in mammalian embryos may not be a general 555 phenomenon. It is also possible that in embryos where serotonin has been reported to be present, it may be localized to the mitochondria To determine the functional role played by serotonin, we examined the modulation of mitochondrial potential on providing extracellular serotonin. Since the embryos had been shown to express the serotonin transporter, this could increase the levels of intracellular serotonin. 560
Indeed, embryos pre-incubated with serotonin exhibited an approximately 27% -40% increase in the TMRM fluorescence associated with the mitochondria. Considering that large amounts of serotonin (~100-400mM) are already localized to the mitochondria, it is likely that fresh serotonin taken up by the embryos may be unable to change the mitochondrial potential further.
There was also a strong correlation observed between serotonin levels on the mitochondria as 565 determined by immunofluoresence and mitotracker deepred fluorescence in fixed embryos. It has been reported that aberrations in mitochondrial potentials impair development (Acton et al., 2004 , Thouas et al., 2004 . It has also been observed that sub-lethal injury to mitochondria in mouse oocytes leads to abnormalities such as higher abortion rates, fetuses with lower average weights, and in some cases, abnormal fetuses (Thouas et al., 2004) . In human embryos, 570 mitochondrial potential has been reported to be negatively correlated with maternal age and embryos having lower mitochondrial potential have slower developmental rates (Wilding et al., 2001 ). Other reports have suggested that arrested two-cell and diapausing embryos display high mitochondrial potential (Acton et al., 2004 , Van Blerkom et al., 2006 . All of this suggests that mitochondrial potential plays an important role in early embryonic development and serotonin 575 can affect development by modulating it.
The mechanism by which mitochondrial potential is modulated by serotonin is yet to be ascertained. Serotonin could activate pathways in the cell which could lead to a rise in potential and the sequestration of serotonin within the mitochondria could be a resultant effect.
Alternatively, the sequestration of serotonin in the mitochondria could directly influence 580 mitochondrial potential. In addition, there could also be in a non-receptor mediated role for serotonin. Serotonylation of proteins was recently discovered where it modified small GTPases by transamidation and rendered them constitutively active (Walther et al., 2003b) . The enzyme involved in this function in platelets is transglutaminase 2 (TG2) which, interestingly, is present in mitochondria (Battaglia et al., 2007) and has also been reported in primate oocytes (Arraztoa 585 et al., 2005) . Ablation of TG2 also results in functional defects in the mitochondrial respiratory complex I (Battaglia et al., 2007) . Since free serotonin could be isolated from embryos, it is likely that at least some of the serotonin present remains free within mitochondria. In addition, some of it maybe covalently associated with a mitochondrial protein/s. Future studies are planned to determine the distribution and possible mechanisms. 590
The source of serotonin in pre-implantation embryos could be due to synthesis or uptake from extracellular sources (Yavarone et al., 1993) . Of the genes involved in synthesis, we could only detect the presence of Tph2 transcripts in the oocyte and the two-cell embryo and therefore Page 27 of 50 28 we conclude that it is TPH2 that is active in the early embryo. This gene codes for the isoform of the enzyme that is expressed exclusively in neuronal cell types, in particular, the brain stem 595 (Walther & Bader, 2003 , Walther et al., 2003a . Therefore, it was interesting to find the neuronal isoform expressed in early stages of embryogenesis before the start of neurogenesis.
However, we did not detect Tph2 in the 8-cell or the blastocyst stages. It is possible that the transcript had decreased to levels below our limits of detection (10 femtomoles of template) or Tph2 is downregulated like many other genes through embryogenesis (Hamatani et al., 2004, 600 Wang Q. T. et al., 2004 , Zeng & Schultz, 2005 . The peripheral/non-neuronal form of tryptophan hydroxylase was not detectable at any stage of the pre-implantation mouse embryos we tested.
This would imply that the isoform of tryptophan hydroxylase first expressed in the developing organism may be neuronal in nature. In this context it is interesting to note that embryonic stem cells, which are derivatives of blastocysts, have been suggested to have a default neuronal fate 605 (Tropepe et al., 2001) . Interestingly, deletion of Tph1, the peripherally expressed isoform of tryptophan hydroxylase, in mouse does not seem to affect early embryogenesis drastically though it does exhibit specific physiological phenotypes in later stages of development (Cote et al., 2004 , Cote et al., 2003 . There is as yet no published report of a Tph2 knockout mouse.
We also examined mouse embryos for the presence of transcripts encoding SLC6A4 -the 610 serotonin-specific transporter protein. RT-PCR studies indicate that Slc6a4 transcripts were also present in pre-implantation embryos. This suggests that the embryos are also capable of obtaining serotonin from the surrounding milieu and corroborates data reported previously (Amireault & Dube, 2005) . Interestingly, the SLC6A4 protein, though expressed on the surface of the stages examined, also shows an intracellular punctate localization in embryos very similar 615 to the distribution of mitochondria (Amireault & Dube, 2005) . It would be expected that the Page 28 of 50 normal or major location of the transporter would be the plasma membrane though presence of the transporter on vesicles, in transit or otherwise, cannot be ruled out. Since the study did not co-localize the transporter with serotonin we cannot conclude at present if the intracellular fraction of the SLC6A4 protein is present on the mitochondria. 620
In conclusion, we report that high levels of serotonin are found in the mouse preimplantation embryos. This makes it possible to image serotonin in live embryos using multiphoton microscopy and potentially measure the variation in levels of serotonin levels in living embryos, through the process of development. We have also found Tph2 and Slc6a4 transcripts in the early embryo, suggesting that the serotonin present in embryos may arise from a 625 combination of both synthesis and uptake. We also report for the first time that high levels of serotonin are localized to mitochondria in mammalian embryos, where it modulates mitochondrial potential. This is of significance because mitochondrial potential is known to affect development (Acton et al., 2004 , Van Blerkom et al., 2006 , Wilding et al., 2001 . The presence of serotonin in mitochondria playing a role in the regulation of mitochondrial potential 630 in early developmental stages along with the establishment of a technique that allows one to observe the distribution and levels of serotonin in living embryos affords exciting opportunities for further studies. 
